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© A diffractive optical device includes a substrate 
for allowing transmission therethrough of light to be 
diffracted; and a grating section located on the sub- 
strate and including a plurality of grating elements 
each having multiple discrete phase levels. The plu- 
rality of grating elements are arranged at different 
grating periods in different areas of a surface of the 
substrate and have the phase levels in different 
numbers in accordance with the grating period. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention: 

The present invention relates to a diffractive 
optical device, especially a diffractive optical de- 
vice preventing reduction in the diffraction effi- 
ciency even in an area having a small grating 
period. 

2. Description of the Related Art: 

A diffractive optical device, which utilizes dif- 
fraction of light, has a grating pattern for diffraction. 
The grating pattern is formed by arranging a plural- 
ity of grating elements on a substrate. The diffrac- 
tion efficiency, which is the ratio of light which can 
be diffracted with respect to the light incident on 
the diffractive optical device, is determined by the 
grating pattern. Generally, how high the diffraction 
efficiency can be is a matter of a prime importance 
in determining the quality of the diffractive optical 
device. 

One of conventional diffractive optical devices 
is a diffractive microlens used for diffracting light 
which is incident thereon vertically. Briefly referring 
to Figures 1 and 2, such a conventional diffractive 
microlens 100 will be described. Figure 1 is a plan 
view of the microlens 100 illustrating a grating 
pattern thereof, and Figure 2 is a cross sectional 
view of the microlens 100. The microlens 100 in- 
cludes a substrate 11. Light which is incident verti- 
cally on a bottom surface of the substrate 11 is 
collected or collimated above the substrate 11. As 
is shown in Figure 1, a plurality of grating elements 
18 are arranged concentrically on a top surface of 
the substrate 11 to form a grating pattern. A period 
at which the grating elements 18 are arranged 
(hereinafter, referred to as a "grating pericKr) be- 
comes progressively smaller toward the outer pe- 
riphery of the substrate 11. As is shown in Figure 
2, each grating element 18 has a rectangular cross 
section. 

Figure 3 is a cross sectional view of another 
diffractive microlens 200 proposed by J. Jahns and 
S. J. Walker in "Two-dimensional array of diffrac- 
tive microlenses fabricated by thin film deposition", 
Applied Optics Vol. 29, No. 7, pp. 931-936 (1990). 
The microlens 200 includes a substrate 11 and a 
plurality of grating elements 28 arranged on a top 
surface of the substrate 11. Each grating element 
28 has multiple discrete phase levels. In the exam- 
ple shown in Figure 3, each grating element 28 has 
four phase levels including the top surface of the 
substrate 11. Adopting such a way of counting, 
each grating element 18 in the microlens 100 in 
Figure 2 has two phase levels. This way of count- 
ing the phase levels of the grating elements will be 



used throughout this specification. 

While the diffractive microlens 100 has a dif- 
fraction efficiency of 41%, the microlens 200 has a 
diffraction efficiency of as high as 81%. It has been 

5 found that the larger the number of phase levels of 
the grating element is, the higher the diffraction 
efficiency is. For example, the diffraction efficiency 
is 95% where each grating element has eight 
phase levels, and the diffraction efficiency is 99% 

w where each grating element has 16 phase levels. 

Considering the above-described relationship 
between the diffraction efficiency and the number 
of phase levels, it is easily assumed that any type 
of diffractive optical devices show such relation- 

75 ship. 

In the case that light is incident at an angle 
which is offset with respect to the vertical direction 
to the substrate, it is true that the larger the num- 
ber of phase levels is, the higher the diffraction 

20 efficiency is in an area where the grating period is 
relatively large. The researchers including the in- 
ventors of the present invention have found that the 
diffraction efficiency is significantly reduced as the 
number of the phase levels is increased in an area 

25 where the grating period is relatively small, namely, 
proximate to the wavelength of the incident light. 

Further, in an area where the grating period is 
small, precision processing is difficult to perform. 
Accordingly, it is substantially impossible to pro- 

30 cess the grating elements into a desirable shape, 
which reduces the optical characteristics of the 
diffractive optical device. 

SUMMARY OF THE INVENTION 

35 

One aspect of the present invention relates to a 
diffractive optical device including a substrate for 
allowing transmission therethrough of light to be 
diffracted; and a grating section located on the 

40 substrate and including a plurality of grating ele- 
ments each having multiple discrete phase levels. 
The plurality of grating elements are arranged at 
different grating periods in different areas of a 
surface of the substrate and have the phase levels 

45 in different numbers in accordance with the grating 
period. 

In one embodiment of the invention, the num- 
ber of the phase levels becomes progressively 
smaller in accordance with decrease in the grating 

so period. 

In one embodiment of the invention, the num- 
ber of the phase levels is at least 3 in an area 
where the grating period is at least a first value 
obtained by multiplying a wavelength of the light 

55 by a first prescribed number. The number of the 
phase levels is 2 in an area where the grating 
period is less than the first value. The first pre- 
scribed number is substantially between 1.5 and 3. 
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In one embodiment of the invention, the grating 
section has a duty ratio of substantially between 
0.15 and 0.5 in the area where the grating period is 
less than the first value. 

In one embodiment of the invention, the num- 
ber of the phase levels is at least 4 in an area 
where the grating period is at least a second value 
obtained by multiplying the wavelength of the light 
by a second prescribed number. The number of 
the phase levels is 3 in an area where the grating 
period is smaller than the second value and at least 
the first value. The second value is substantially 
between 2 and 5 and greater than the first pre- 
scribed number. 

In one embodiment of the invention, the num- 
ber of the phase levels is at least 5 in an area 
where the grating period is at least a third value 
obtained by multiplying the wavelength of the light 
by a third prescribed number. The number of the 
phase levels is 4 in an area where the grating 
period is smaller than the third value and at least 
the second value. The third value is substantially 
between 4 and 7 and greater than the second 
prescribed number. 

In one embodiment of the invention, the grating 
elements have different heights in accordance with 
the number of the phase levels thereof. 

In one embodiment of the invention, the bot- 
tommost level among the multiple discrete phase 
levels is the surface of the substrate. 

In one embodiment of the invention, the small- 
est grating period is greater than 1/2n of the 
wavelength of the light where n is the refractive 
index of the substrate, and the duty ratio of the 
grating section changes in accordance with the 
grating period. 

In one embodiment of the invention, the grating 
elements are symmetrically arranged with respect 
to the center thereof and are arcked in an identical 
direction, and the grating period becomes progres- 
sively smaller in the direction. 

In one embodiment of the invention, the plural- 
ity of grating elements are extended in straight 
lines in an identical direction, and the grating pe- 
riod changes in a direction which is perpendicular 
to the direction in which the grating elements are 
extended. 

In one embodiment of the invention, the grating 
section is covered with a thin film! 

In one embodiment of the invention, the thin 
film is reflective. 

In one embodiment of the invention, the thin 
film is non-reflective. 

In one embodiment of the invention, the sub- 
strate includes a light guide region for propagating 
the light. 

Another aspect of the present invention relates 
to a diffractive optical device including a substrate 



for allowing transmission therethrough of light to be 
diffracted; and a grating section located on the 
substrate and including a plurality of grating ele- 
ments. The plurality of grating elements are ar- 
5 ranged at different grating periods in different areas 
of a surface of the substrate. The smallest grating 
period is greater than 1/2n of the wavelength of the 
light where n is the refractive index of the sub- 
strate. The grating section has a duty ratio chang- 

70 ing in accordance with the grating period. 

In one embodiment of the invention, the duty 
ratio is less than 0.5 in an area where the grating 
period is less than three to four times the 
wavelength of the light. 

75 In one embodiment of the invention, the duty 
ratio becomes progressively smaller in accordance 
with decrease in the grating period. 

In one embodiment of the invention, the plural- 
ity of grating elements have different heights in 

20 accordance with the grating period. 

In one embodiment of the invention, the height 
of the plurality of grating elements becomes pro- 
gressively smaller in accordance with decrease in 
the grating period in an area where the grating 

25 period is less than three to four times the 
wavelength of the light. 

In one embodiment of the invention, a part of 
the plurality of grating elements each have at least 
three discrete phase levels. 

30 Thus, the invention described herein makes 
possible the advantages of providing a diffractive 
optical device which has a high diffraction effi- 
ciency in the entire area thereof for the light which 
is incident thereon at an angle offset with respect 

35 to the vertical direction thereto and which has grat- 
ing elements easily fabricated even with a small 
grating period. 

These and other advantages of the present 
invention will become apparent to those skilled in 

40 the art upon reading and understanding the follow- 
ing detailed description with reference to the ac- 
companying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 

Figure 1 is a plan view of a conventional diffrac- 
tive optical device for diffracting light which is 
incident vertically thereto; 
Figure 2 is a cross sectional view of the conven- 
50 tional diffractive optical device shown in Figure 
1; 

Figure 3 is a cross sectional view of another 
conventional diffractive optical device for dif- 
fracting light which is incident vertically thereto; 
55 Figure 4 is a cross sectional view of a diffractive 
optical device in a first example according to the 
present invention; 
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Figure 5 is a plan view of the diffractive optical 
device shown in Figure 4; 
Figure 6 is a cross sectional view of the diffrac- 
tive optical device shown in Figure 4 illustrating 
how light advances; 5 
Figure 7 is a graph illustrating the relationship 
between the first order diffraction efficiency and 
the normalized grating period in areas in which 
grating elements have two and three phase lev- 
els in the diffractive optical device shown in w 
Figure 4; 

Figure 8 is a plan view of a diffractive optical 
device in a second example according to the 
present invention; 

Figure 9 is a cross sectional view of a diffractive is 
optical device in a third example according to 
the present invention; 

Figure 10 is a graph illustrating the relationship 
between the first order diffraction efficiency and 
the normalized grating period in areas in which 20 
grating elements have two through five phase 
levels in the diffractive optical device shown in 
Figure 9 when the incident angle of the light is 
20-; 

Figure 11 is a graph illustrating the relationship 25 
between the first order diffraction efficiency and 
the normalized grating period in areas in which 
grating elements have two through five phase 
levels in the diffractive optical device shown in 
Figure 9 when the incident angle of the light is 30 
30*; 

Figure 12 is a cross sectional view of a diffrac- 
tive optical device in a fourth example according 
to the present invention; 

Figure 13 is a plan view of the diffractive optical 35 
device shown in Figure 12; 
Figure 14 is a graph illustrating the relationship 
between the first order diffraction efficiency and 
the normalized grating period in areas in which 
duty ratios are 0.3, 0.4 and 0.5 in the diffractive 40 
optical device shown in Figure 12 when the 
incident angle of the light is 20* ; 
Figure 15 is a graph illustrating the relationship 
between the first order diffraction efficiency and 
the normalized grating period in areas in which 45 
duty ratios are 0.3, 0.4 and 0.5 in the diffractive 
optical device shown in Figure 12 when the 
incident angle of the light is 30 * ; 
Figure 16 is a graph illustrating the relationship 
between the duty ratio and the normalized grat- 50 
ing period with respect to the diffractive optical 
device shown in Figure 12 when the incident 
angle of the light is 20*; 
Figure 17 is a cross sectional view of the diffrac- 
tive optical device shown in Figure 12 illustrating 55 
how light advances; 

Figure 18 is a plan view of a diffractive optical 
device in a fifth example according to the 



present invention; 

Figure 19 is a cross sectional view of a diffrac- 
tive optical device in a sixth example according 
to the present invention; 

Figure 20 is a graph illustrating the relationship 
between the efficiency of first order diffraction 
and the normalized grating period in areas hav- 
ing different duty ratios and different heights in 
the diffractive optical device shown in Figure 19; 
Figure 21 is cross sectional view of a diffractive 
optical device in a modification according to the 
present invention having a reflective film; 
Figure 22 is a cross sectional view of a diffrac- 
tive optical device in another modification ac- 
cording to the present invention having a plural- 
ity of grating elements connected together at the 
bottom thereof; and 

Figure 23 is a cross sectional view of a diffrac- 
tive optical device in still another modification 
according to the present invention having a plu- 
rality of grating elements formed using a posi- 
tive resist. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

Hereinafter, the present invention will be de- 
scribed by way of illustrative examples with refer- 
ence to the accompanying drawings. 

Example 1 

Referring to Figures 4 through 7, a diffractive 
optical device 10 in a first example according to 
the present invention will be described. Figure 4 is 
a cross sectional view of the diffractive optical 
device 10, and Figure 5 is a plan view thereof. 

As is shown in Figures 4 and 5, the diffractive 
optical device 10 includes a substrate 1 and a 
grating section 2 located on a top surface of the 
substrate 1. The substrate 1 and the grating sec- 
tion 2 are formed of a material which allows trans- 
mission therethrough of light of at least a 
wavelength to be diffracted (for example, light hav- 
ing a wavelength of 0.6328 urn). The substrate 1 
and the grating section 2 may be formed of dif- 
ferent materials from each other or may be integ- 
rally formed of an identical material. 

The grating section 2 includes a plurality of 
grating elements 21 arranged so as to form a 
grating pattern. Each grating element 21 has a 
cross section having a plurality of steps, namely, 
has multiple phase levels. 

The diffractive optical device 10 is used, for 
example, as an off-axis lens as is shown in Figure 
6. An axis of light incident on an off-axis lens is 
different from an axis of light outgoing from the off- 
axis lens. As is shown in Figure 6, light 5 which is 
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propagated zigzag in a light guide region 12 in the 
substrate 1 goes out through the top surface of the 
substrate 1 as outgoing light 6. The light guide 
region 12 is provided with reflective layers 4A and 
4B respectively on a top surface and a bottom 
surface thereof for reflecting the light 5 alternately 
in repetition. Thus, the light 5 is propagated zigzag 
from the negative side to the positive side of axis y 
and is incident on the grating section 2 at an 
incident angle of which is offset with respect to the 
vertical direction to the top surface of the substrate 
1. Then, the light 5 is transmitted through the 
grating section 2 and goes out to above the sub- 
strate 1 vertically. Herein, "goes out vertically" 
means that the axis of the outgoing light 6 is 
substantially vertical to the top surface of the sub- 
strate 1, namely, parallel to axis z. By utilizing a 
part of the substrate 1 as the light guide region 12, 
the size of an optical system of the diffractive 
optical device 10 in the direction of axis z is 
significantly reduced. 

The grating section 2 has a grating pattern as 
shown in Figure 5 in order to collect the light 5 
incident at an offset angle at point 3 which is away 
from the top surface of the substrate 1 by distance 
f. Each grating element 21 forming the grating 
pattern is arcked while projecting toward the posi- 
tive direction of axis y. The grating period is pro- 
gressively reduced and the curvature of the grating 
elements 21 is progressively increased toward the 
positive direction of axis y. Such a grating pattern 
will be described in detail later. At point 3 t an 
optical data recording medium such as an optical 
disc may be placed. In such a case, at least a part 
of the outgoing light 6 is reflected by the optical 
data recording medium and thus returns to the 
diffractive optical device 10. The light reflected by 
the optical data recording medium is guided to a 
light detector. Needless to say, the diffractive op- 
tical device 10 can be used for various other uses. 

Although one substrate is used in one diffrac- 
tive optical device in Figure 6, one substrate may 
be commonly used for a plurality of diffractive 
optical devices by providing a plurality of grating 
sections 2 on the top surface, on a bottom surface, 
or on both of the top and the bottom surfaces of 
the substrate 1. Other types of optical devices 
utilizing no diffraction effect such as a laser light 
source or a light detector may also be provided on 
the substrate 1. 

As is shown in Figure 4, the grating section 2 
is divided into two areas: area 2A where the grating 
period is relatively small and area 2B where the 
grating period is relatively large. The grating period 
of area 2A is smaller than 1.6 times the wavelength 
of the incident light, and the grating period of area 
2B is at least 1.6 times the wavelength of the 
incident light. In this example, each grating element 



21 in area 2 has three phase levels while each 
grating element 21 in area 2A has two phase 
levels. In more detail, each grating element 21 in 
area 2B includes a first level having a height of 0 
5 from the top surface of the substrate 1, a second 
level having a height of 1/2 h B , and a third level 
having a height of h 8 . Each grating element 21 in 
area 2A includes a first level having a height of 0 
from the top surface of the substrate 1 and a 

w second level having a height of h A - 

According to the experiment performed by the 
inventors of the present invention, the diffraction 
efficiency at three phase levels was higher than 
that at two phase levels in area 2B having a rela- 

75 tively large grating period. In area 2A having a 
grating period proximate to the wavelength of the 
incident light, the diffraction efficiency at three 
phase levels' was rapidly reduced; and the diffrac- 
tion efficiency at two phase levels was reduced at a 

20 smaller ratio or even raised. 

With reference to Figure 7, the above-men- 
tioned experiment will be described in detail. Fig- 
ure 7 is a graph illustrating the relationship be- 
tween the normalized grating period A/\ and the 

25 diffraction efficiency. Symbol A denotes the grating 
period, and symbol X denotes the wavelength of 
the light. The experiment was performed under the 
conditions that the incident angle 0 of the light was 
20 • and the refractive index n of areas 2A and 2B 

30 was 1 .5. As is indicated by the solid line in Figure 
7 t in the case of the grating elements each having 
three phase levels, the diffraction efficiency is more 
than 50% in area 2B having a relatively large 
grating period but is reduced drastically in area 2A 

35 where the grating period is proximate to the 
wavelength of the incident light. As is indicated by 
the dashed line, in the case of the grating elements 
each having two phase levels, the diffraction effi- 
ciency is 30 to 40% in area 2B but increases as 

40 the grating period decreases. Especially from the 
point at which the grating period is approximately 
twice or three times the wavelength of the incident 
light, the diffraction efficiency rapidly increases as 
the grating period decreases. For example, where 

45 the grating period is 1.6 times the wavelength of 
the incident light, the diffraction efficiency of the 
grating elements having two phase levels is equal 
to the diffraction efficiency of the grating elements 
having three phase levels. Accordingly, for exam- 

50 pie, by providing the grating elements 21 having 
three phase levels in an area where the grating 
period is at least 1.6 times the wavelength of the 
incident light and providing the grating elements 21 
having two phase levels where the grating period is 

55 less than 1 .6 times the wavelength of the incident 
light, the diffraction efficiency can be high in the 
entire diffractive optical device 10. 
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As is described above, there was a problem 
conventionally in that precision processing was dif- 
ficult to perform in an area of a grating period 
proximate to a wavelength of incident light, and 
thus it was difficult to shape grating elements hav- 5 
ing many phase levels in an intended manner, 
causing deterioration in the optical characteristics. 
Since it has been found by the inventors of the 
present invention that the optimum number of 
phase levels decreases as the grating period de- w 
creases. Accordingly, even the diffractive optical 
devices having an area where the grating period is 
small can be easily produced. More practically, in a 
conventional device, the grating elements having 
three phase levels can be properly produced in an 15 
area where the grating period is relatively large, but 
the grating elements having three phase levels 
cannot be produced so as to have sharp-edged 
steps in an area where the grating period is rela- 
tively small. In the diffractive optical device 10 in 20 
this example, only two phase levels are sufficient 
for the grating elements 21 in an area where the 
grating period is less than 1 .6 times the wavelength 
of the incident light. Thus, precision processing is 
easier and the grating elements 21 can be pro- 25 
duced as designed. 

In this example, the number of phase levels is 
changed from two to three at the normalized grat- 
ing period of 1.6 (namely, when the grating period 
is 1.6 times the wavelength of the incident light). 30 
Although the optimum normalized grating period at 
which the number of phase levels should be 
changed is different depending on the incident 
angle of light and the like, it has been confirmed 
that substantially the same effects are obtained as 35 
long as the number of phase levels is changed at 
the normalized grating period of between 1.5 and 
3. 

The other parameters of the diffractive optical 
device 10 in this example are, for example, as 40 
follows: The diameter of a circular opening is 1 
mm; the wavelength of the incident light X = is 
0.6328 urn; the incident angle of light 9 = 20*; 
and the focal distance is 2.5 mm. In area 2B where 
the number of phase levels is three, the grating 45 
period is, for example, between 1.0 and 2.0 urn; 
and the height h B is, for example, 0.84 urn. In area 
2A where the number of phase levels is two, the 
grating period is, for example, between 0.89 urn 
and 1.0 urn; and the height h A is, for example, 0.63 50 
urn. The height of the grating element 21 is 
changed in accordance with the number of phase 
levels, in which manner the diffraction efficiency is 
optimized. In area 2A, the duty ratio d1/AA (Figure 
4) is, for example, 0.3. The duty ratio is the ratio of 55 
an area occupied by a material other than air with 
respect to the total area of one grating period in 
terms of the cross section of the grating section 2. 




The grating pattern shown in Figure 5 will be 
described in detail. In an x-y coordinate shown in 
Figure 5, where the wavelength of the incident light 
is X, the refractive index of the substrate 1 is n and 
the incident angle of light is 6, the phase shift 
function is expressed by: 

*(x, y) = k((x 2 + y 2 + f 2 ) 1 * + nysinfl - i)-2m-u k 
= \12u\ 

and m is an integer fulfilling 0£$£2* and indicates 
the order of the grating pattern. From such phase 
shift function, the shape of the arc of the grating 
section 2 having an order of m is a top part of an 
ellipse in which the center is expressed by: 

(0, -nsine(mx + f)/(1 - nWfl), 

the length of a minor axis (axis x) is expressed by: 

d x = 2(m 2 X 2 + 2mXf + n 2 f 2 sin 2 0) 1/2 /(1 - n 2 sin 2 0) 1/2 , 

and the length of a major axis (axis y) is expressed 
by: 

d y = d„/(1 - nWd) 1 * 

Needless to say, the grating pattern of a dif- 
fractive optical device according to the present 
invention is not limited to the one shown in Figure 
5, but can be arbitrarily designed in accordance 
with the use. 

The substrate 1 and the grating section 2, 
which allow transmission therethrough of light to be 
diffracted are formed of, for example, glass or a 
synthetic resin. In the case that infrared light is 
used, the substrate 1 and the grating section 2 
may be formed of a semiconductor material such 
as Si or GaAs. 

The diffractive optical device 10 in the first 
example is produced by an electron beam drawing 
method. According to this method, the substrate 1 
is coated with a synthetic resin such as an electron 
beam resist (for example, PMMA or CMS) which is 
sensitive to an electron beam, and an electron 
beam is radiated to the layer of the synthetic resin. 
In accordance with the shape of the cross section 
of the diffractive optical device to be produced, the 
amount of the electron beam to be radiated is 
controlled. For example, when a positive resist is 
used, the electron beam is radiated in a smaller 
amount to an area which is relatively thick so as to 
increase the ratio of the thickness remaining after 
the development with respect to the thickness be- 
fore development. After the electron beam radi- 
ation, the resultant laminate is developed to pro- 
duce the diffractive optical device 10. A diffractive 
optical device according to the present invention 
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may be produced with any other specifications 
suitable for the use. 

For the purpose of mass-production, the dif- 
fractive optical devices may be produced at a 
lower cost by forming a mold by a nickel elec- 
troforming method and duplicating the mold using 
a UV curable resin. Especially diffractive optical 
devices arranged in an array can be produced at a 
high precision with uniform characteristics at one 
time in this manner. The grating section 2 formed 
of a synthetic resin such an electron beam resist 
may be transferred onto the substrate 1 formed of 
glass or the like by ion beam etching. In such a 
case, the diffractive optical device is stable in per- 
formance against temperature change. 

As is described above, in the case when light 
is incident at an offset angle with respect to the 
vertical direction to the surface of the substrate 1, 
the diffraction efficiency does not necessarily in- 
crease as the numbers of phase levels increases in 
the entire area of the grating section 2. The diffrac- 
tion efficiency has a peak at different number of 
phase levels in accordance with the grating period. 
Accordingly, by setting the number of phase levels 
of the grating elements to be optimum in accor- 
dance with the grating period, the diffraction effi- 
ciency can be high in the entire diffractive optical 
device 10. Moreover, since the optimum number of 
phase levels tends to decrease as the grating pe- 
riod decreases in an area where the grating period 
is relatively small, even the grating elements hav- 
ing a small grating period can be easily fabricated. 

Example 2 

With reference to Figure 8, a diffractive optical 
device 20 in a second example according to the 
present invention will be described. Figure 8 is a 
plan view of the diffractive optical device 20. Iden- 
tical elements with those in the first example will 
bear identical reference numerals therewith, and 
explanation thereof will be omitted. 

In the second example, grating elements 22 in 
the grating section 2 provided on the substrate 1 
are straight lines in shape extending in the direc- 
tion of axis x. The grating period changes in the 
direction of axis y. The diffractive optical device 20 
having such grating elements 22 is used as a 
cylindrical off-axis lens for collecting light incident 
at an offset angle with respect to the vertical direc- 
tion to the surface of the substrate 1 only in the 
direction of one axis. In the example shown in 
Figure 8, the light is collected in the direction of 
axis y. 

The diffractive optical device 20 has a similar 
cross sectional view as that of the diffractive optical 
device 10 shown in Figure 4. In the diffractive 
optical device 20, the same effects as obtained in 



the first example can be obtained By providing the 
grating elements 22 having three phase levels in 
area 2B* where the grating period is relatively large 
and providing the grating elements 22 having two 
5 phase levels in area 2A' where the grating period is 
relatively small. 

Example 3 

w With reference to Figures 9 through 11, a dif- 
fractive optical device 30 in a third example ac- 
cording to the present invention will be described. 
Figure 9 is a cross sectional view illustrating a 
basic structure of the diffractive optical device 30. 

15 Figure 10 is a graph illustrating the relationship 
between the normalized grating period and the 
efficiency of first order diffraction when the incident 
angle of light is 20°. Figure 11 is a graph illustrat- 
ing the relationship between the normalized grating 

20 period and the efficiency of first order diffraction 
when the incident angle of light is 30°. Identical 
elements with those in the first example will bear 
identical reference numerals therewith, and expla- 
nation thereof will be omitted. 

25 The diffractive optical device 30 is an off-axis 
lens in which the grating period changes toward 
one direction. The grating section 2 including grat- 
ing elements 23 are divided into four areas 2A" 
through 2D". In area 2D" where the grating period 

30 is largest among in the four areas, each grating 
element 23 has five phase levels. The grating ele- 
ments 23 each have four phase levels in area 2C" 
where the grating period is second largest, three 
phase levels in area 2B n where the grating period 

35 is second smallest, and two phase levels in area 
2A" where the grating period is smallest among in 
the four areas. 

As is understood from Figure 10, area 2A M has 
a normalized grating period of, for example, 1.2 £ 

40 A/X < 1.6. Area 2B" has a normalized grating 
period of, for example, 1.6 $ A/X < 3.1. Area 2C" 
has a normalized grating period of, for example, 
3.1 £ A/X < 4.7. Area 2D" has a normalized grating 
period of, for example, 4.7 £ A/X < 5.5. The height 

45 of each area is, for example, 0.633 um in area 
2A", 0.84 um in area 2B", 0.95 um in area 2C", 
and 1 .01 um in area 2D". The other parameters of 
the diffractive optical device 30 are, for example, 
as follows: The diameter of a circular opening is 1 

50 m; the wavelength of the incident light X = 0.6328 
um; and the incident angle of light $ = 20 • . The 
focal distance is 1 .4 mm, which is shorter than that 
of the off-axis lens 10 in the first example. In an 
off-axis lens having such a short focal distance, the 

55 grating period changes at a higher ratio. 

As is shown in Figure 10, the diffraction effi- 
ciency of the grating elements having five phase 
levels becomes lower than the diffraction efficiency 
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of the grating elements having four phase levels at 
the normalized grating period of 4.7. The diffraction 
efficiency of the grating elements having four 
phase levels becomes lower than the diffraction 
efficiency of the grating elements having three 
phase levels at the normalized grating period of 
3.1 . Similarly, the diffraction efficiency of the grat- 
ing elements having three phase levels becomes 
lower than the diffraction efficiency of the grating 
elements having two phase levels at the normalized 
grating period of 1 .6. Accordingly, by providing the 
grating elements 23 having the optimum phase 
levels for each area, the diffraction efficiency can 
be high in the entire diffractive optical device 30. 

Figure 11 shows the relationship between the 
normalized grating period and the efficiency of first 
order diffraction when the incident angle of light is 
30*. In the case that the incident angle of light 
changes, the optimum normalized grating period at 
which the number of phase levels should be 
changed is also changed. Nonetheless, the inven- 
tors of the present invention have confirmed that 
the same effects are obtained as long as the num- 
ber of phase levels is changed from five to four at 
the normalized grating period of between 4 and 7, 
from four to three at the normalized grating period 
of between 2 and 5, and from three to two at the 
normalized grating period of between 1 .5 and 3. 

In the above example, an off-axis lens for col- 
lecting light incident at an offset angle vertically is 
described. The present invention provides the 
same effects in other types of diffractive optical 
devices in the case that the light is incident at an 
offset angle. 

Example 4 

With reference to Figures 12 through 17, a 
diffractive optical device 40 in a fourth example 
according to the present invention will be de- 
scribed. Figure 12 is a cross sectional view of the 
diffractive optical device 40, and Figure 13 is a 
plan view thereof. Identical elements with those in 
the first example will bear identical reference nu- 
merals therewith, and explanation thereof will be 
omitted. 

As is appreciated from Figures 12 and 13, the 
diffractive optical device 40 has a similar plan view 
with that of the diffractive optical device 10 in 
Figure 5 but has a different cross sectional view 
from that of the diffractive optical device 10. Grat- 
ing elements 24 in the grating section 2 each have 
a rectangular cross sectional view. The duty ratio 
d/A changes in accordance with the grating period. 
Symbol A denotes the grating period, and symbol 
X denotes the wavelength of the light. The duty 
ratio is the ratio of an area occupied by a material 
other than air with respect to the total area of one 



grating period in terms of the cross section of the 
grating section 2. 

In the case that the light to be diffracted is 
transmitted through the substrate 1 to reach the 

5 grating section 2, where the wavelength of the light 
to be diffracted in the vacuum is X, each grating 
period A is set to be larger than X/2. 

In the case of a reflection type diffractive op- 
tical device in which the light to be diffracted is 

w reflected by a reflective layer which is formed over 
the grating section 2, where the wavelength of the 
light to be diffracted in the vacuum is X, and the 
refractive index of the substrate 1 is n, each grating 
period A is set to be larger than X/2n. 

75 In the fourth example, the duty ratio is set for 

0. 5 in an area where the grating period is relatively 
large and to be reduced in correspondence with 
decrease in the grating period. (The duty ratio will 
be described in detail later.) The height h of the 

20 grating elements 24 is constant regardless of the 
grating period. The other parameters of the diffrac- 
tive optical device 40 are, for example, as follows: 
The diameter of a circular opening is 1 mm; the 
wavelength of the incident light X = 0.6328 urn; 

25 and the incident angle of light 0 = 20*. The 
grating period is, for example, 0.633 urn to 6.3 urn, 
and the height h of the grating elements 24 is, for 
example, 0.63 urn. 

According to the experiment performed by the 

30 inventors of the present invention, when light was 
incident at an offset angle with respect to the 
vertical direction to the top surface of the substrate 

1, the diffraction efficiency was highest at the duty 
ratio of approximately 0.5 in an area having a 

35 relatively large grating period. The inventors have 
found that the diffraction efficiency increases as the 
duty ratio decreases in an area where the grating 
period is proximate to the wavelength of the in- 
cident light. The experiment will be described in 

40 detail, hereinafter. 

Figure 14 illustrates the relationship between 
the normalized grating period and the efficiency of 
first order diffraction when the incident angle of 
light is 20 • and the refractive index of the grating 

45 section 2 is 1 .5. As is indicated by the solid line in 
Figure 14, when the duty ratio is 0.5, the diffraction 
efficiency is approximately 40% in an area where 
the grating period is relatively large, but is reduced 
in an area where the normalized grating period is 

so as small as 3. When the duty ratio is 0.4 (chain 
line) and 0.3 (dashed line), the diffraction efficiency 
is lower than that in the case when the duty ratio is 
0.5 in an area where the grating period is relatively 
large, but is higher than that in the case when the 

55 duty ratio is 0.5 in an area where the grating period 
is relatively small. 

Figure 15 illustrates the relationship between 
the normalized grating period and the efficiency of 
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first order diffraction when the incident angle of 
light is 30 • . The results are substantially the same 
as those shown in Figure 14, namely, the diffrac- 
tion efficiency has a peak at different duty ratios in 
accordance with the grating period. 

Accordingly, by changing the duty ratio in ac- 
cordance with the grating period, the diffraction 
efficiency can be high in the entire diffractive op- 
tical device 40. 

In this example, the duty ratio is set as shown 
in Figure 16 in relation with the grating period. The 
duty ratio is 0.45 to 0.5 in an area where the 
grating period is relatively large, and the duty ratio 
is changed as shown in Figure 16 in an area where 
the grating period is relatively small. The curve 
indicating the optimum duty ratio depends on var- 
ious conditions. The duty ratio is desirably less 
than 0.5 in an area where the normalized grating 
period is smaller than 3 to 4. In general, the diffrac- 
tion efficiency is improved by gradually reducing 
the duty ratio in correspondence with decrease in 
the grating period. 

As is shown in Figure 17, the diffractive optical 
device 40 is used as an off-axis lens. As is shown 
in Figure 17, the light 5 which is propagated zigzag 
in the light guide region 12 in the substrate 1 goes 
out through the top surface of the substrate 1 as 
outgoing light 6. The light guide region 12 is pro- 
vided with the reflective layers 4A and 4B respec- 
tively on the top surface and the bottom surface 
thereof for reflecting the light 5 alternately in repeti- 
tion. Thus, the light 5 is propagated zigzag and 
finally goes out above the substrate 1 vertically. 

As is shown in Figure 13, the grating pattern is 
symmetrical with respect to the center thereof, and 
arcked toward one direction. The grating period 
gradually decreases and the curvature of the grat- 
ing elements 24 increases toward such a direction. 

The materials for each component of the dif- 
fractive optical device 40 and a method for produc- 
ing the same are identical with those described in 
the first example, and explanation thereof will be 
omitted. 

Example 5 

With reference to Figure 18, a diffractive op- 
tical device 50 in a fifth example according to the 
present invention will be described. Figure 18 is a 
plan view of the diffractive optical device 50. Iden- 
tical elements with those in the fourth example will 
bear identical reference numerals therewith, and 
explanation thereof will be omitted. 

In the fifth example, grating elements 25 in the 
grating section 2 provided on the substrate 1 are 
straight lines in shape extending in the direction of 
axis x. The grating period changes in the direction 
of axis y. The diffractive optical device 50 having 



such grating elements 25 is used as a cylindrical 
off-axis lens for collecting light incident at an offset 
angle with respect to the vertical direction to the 
surface of the substrate 1 only in the direction of 

5 one axis. In the example shown in Figure 18, the 
light is collected in the direction of axis y. 

The diffractive optical device 50 has a similar 
cross sectional view as that of the diffractive optical 
device 40 shown in Figure 12. In the diffractive 

io optical device 50, the same effects as obtained in 
the fourth example such as improvement in the 
diffraction efficiency can be obtained by changing 
the duty ratio in the same manner as in the fourth 
example. 

75 

Example 6 

With reference to Figures 19 and 20, a diffrac- 
tive optical device 60 in a sixth example according 

20 to the present invention will be described. Figure 
19 is a cross sectional view of the diffractive optical 
device 60, and Figure 20 is a graph illustrating the 
relationship between the normalized grating period 
and the efficiency of first order diffraction. Identical 

25 elements with those in the fourth example will bear 
identical reference numerals therewith, and expla- 
nation thereof will be omitted. 

As is shown in Figure 19, grating elements 26 
in the grating section 2 are arranged with different 

30 duty ratios as well as with different heights. As is 
shown in Rgure 20, in an area where the normal- 
ized grating period is 3 or more, the grating ele- 
ments 26 have an identical height. In an area 
where the grating period is less than 3, the height 

35 of the grating elements 26 is changed so as to 
have substantially a uniform diffraction efficiency. 
Although the curve indicating the optimum height 
depends on the various conditions, the height is 
desirably changed in an area where the normalized 

40 grating period is less than 3 to 4. 

In general, the diffraction efficiency is improved 
by reducing the height of the grating elements 26 
in correspondence with decrease in the grating 
period. In this example, the duty ratio and the 

45 height of the grating elements 26 are changed in 
accordance with the grating period so as to prevent 
deterioration in the diffraction efficiency even in an 
area where the grating period is small. Accordingly, 
the diffraction efficiency is substantially uniform in 

50 the entire diffractive optical device 60. As a result, 
light distribution in a spot where the light is col- 
lected can be constant. 

In the above examples, the diffractive optical 
devices are each an off-axis lens for collecting the 

55 light vertically, the light being incident at an offset 
angle with respect to the vertical direction to the 
surface of the substrate 1. The present invention 
provides the same effects in various other diffrac- 
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tive optica! devices in the case when the light is 
incident at an offset angle. 

In the first through the third examples, the duty 
ratio may be changed in accordance with the grat- 
ing period in an area where the number of the 5 
phase levels is two. 

In the above examples, the diffractive optical 
devices of a transmission type are described. The 
present invention is also applicable to reflection 
type devices having* a reflective film provided on w 
the grating section 2. Figure 21 is a cross sectional 
view of such a reflection type diffractive optical 
device 70 provided with a reflective film 7. As the 
reflective film 7, the one used in a conventional 
diffractive optical device may be used. 15 

Films other than the reflective film, for exam- 
ple, a non-reflective film such as a protective thin 
film or a thin film for preventing reflection may be 
used instead of the reflective film 7. The thin film 
for preventing reflection is used in a transmission 20 
type device. 

The grating elements are separated from one 
another in the above examples, but may be con- 
nected together at the bottom thereof. Figure 22 is 
a cross sectional view of such a diffractive optical 25 
device 80. The top surface of the substrate 1 is not 
exposed. 

Figure 23 is a. cross sectional view of a diffrac- 
tive optica! device 90 having a grating pattern 
formed using a positive resist. The shape of grating 30 
elements substantially contributing to diffraction is 
the same whether a negative or a positive resist is 
used. 

According to the present invention, as has 
been described so far, the number of the phase 35 
levels changes in accordance with the grating pe- 
riod. By such a structure, the diffraction efficiency 
is improved in the entire device, especially for light 
incident at an offset angle with respect to the 
vertical direction to the top surface of the substrate. 40 
By reducing the optimum number of phase levels 
in accordance with decrease in the grating period, 
the grating elements are easily produced even in 
an area where the grating period is relatively small. 

In the case when the grating elements each 45 
have a rectangular cross section, the duty ratio 
regarding each cross section is set to be optimum 
in accordance with the grating period. In this man- 
ner, the diffraction efficiency of the light incident at 
an offset angle is improved even in an area where 50 
the grating period is relatively small. Further, by 
changing the height of the grating elements as well 
as the duty ratio in accordance with the grating 
period, the diffraction efficiency can be uniform in 
the entire device. As a result, light distribution in a 55 
spot where the light is collected can be constant. 

Various other modifications will be apparent to 
and can be readily made by those skilled in the art 



without departing from the scope and -spirit of this 
invention. Accordingly, it is not intended that the 
scope of the claims appended hereto be limited to 
the description as set forth herein, but rather that 
the claims be broadly construed. 

Claims 

1. A diffractive optical device, comprising: 

a substrate for allowing transmission there- 
through of light to be diffracted; and 

a grating section located on the substrate 
and including a plurality of grating elements 
each having multiple discrete phase levels, 

wherein the plurality of grating elements 
are arranged at different grating periods in 
different areas of a surface of the substrate 
and have the phase levels in different numbers 
in accordance with the grating period. 

2. A diffractive optical device according to claim 

1, wherein the number of the phase levels 
becomes progressively smaller in accordance 
with decrease in the grating period. 

3. A diffractive optical device according to claim 

2, wherein: 

the number of the phase levels is at least 

3 in an area where the grating period is at 
least a first value obtained by multiplying a 
wavelength of the light by a first prescribed 
number, 

the number of the phase levels is 2 in an 
area where the grating period is less than the 
first value, and 

the first prescribed number is substantially 
between 1 .5 and 3. 

4. A diffractive optical device according to claim 

3, wherein: 

the grating section has a duty ratio of 
substantially between 0.15 and 0.5 in the area 
where the grating period is less than the first 
value. 

5. A diffractive optical device according to claim 
3, wherein: 

the number of the phase levels is at least 

4 in an area where the grating period is at 
least a second value obtained by multiplying 
the wavelength of the light by a second pre- 
scribed number, 

the number of the phase levels is 3 in an 
area where the grating period is smaller than 
the second value and at least the first value, 
and 

the second value is substantially between 
2 and 5 and greater than the first prescribed 
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number. 

6. A diffractive optical device according to claim 
5, wherein: 

the number of the phase levels is at least 5 
5 in an area where the grating period is at 
least a third value obtained by multiplying the 
wavelength of the light by a third prescribed 
number, 

the number of the phase levels is 4 in an 10 
area where the grating period is smaller than 
the third value and at least the second value, 
and 

the third value is substantially between 4 
and 7 and greater than the second prescribed 15 
number. 

7. A diffractive optical device according to claim 
1, wherein the grating elements have different 
heights in accordance with the number of the 20 
phase levels thereof. 

8. A diffractive optical device according to claim 
1, wherein the bottommost level among the 
multiple discrete phase levels is the surface of 25 
the substrate. 

9. A diffractive optical device according to claim 
1, wherein the smallest grating period is great- 
er than 1/2n of the wavelength of the light 30 
where n is the refractive index of the substrate, 

and the duty ratio of the grating section 
changes in accordance with the grating period. 

10. A diffractive optical device according to claim 35 
1, wherein the grating elements are symmetri- 
cally arranged with respect to the center there- 
of and are arcked in an identical direction, and 

the grating period becomes progressively 
smaller in the direction. 40 

11. A diffractive optical device according to claim 
1, wherein the plurality of grating elements are 
extended in straight lines in an identical direc- 
tion, and the grating period changes in a direc- 45 
tion which is perpendicular to the direction in 
which the grating elements are extended. 

12. A diffractive optical device according to claim 

1, wherein the grating section is covered with a 50 
thin film. 

13. A diffractive optical device according to claim 
12, wherein the thin film is reflective. 

55 

14. A diffractive optical device according to claim 
12, wherein the thin film is anti-reflective. 



15. A diffractive optical device according to claim 
1 , wherein the substrate includes a light guide 
region for propagating the light. 

16. A diffractive optical device, comprising: 

a substrate for allowing transmission there- 
through of light to be diffracted; and 

a grating section located on the substrate 
and including a plurality of grating elements, 

wherein the plurality of grating elements 
are arranged at different grating periods in 
different areas of a surface of the substrate, 
the smallest grating period is greater than 1/2n 
of the wavelength of the light where n is the 
refractive index of the substrate, and the grat- 
ing section has a duty ratio changing in accor- ' 
dance with the grating period. 

17. A diffractive optical device according to claim 

16, wherein the duty ratio is less than 0.5 in an 
area where the grating period is less than three 
to four times the wavelength of the light. 

18. A diffractive optical device according to claim 

17, wherein the duty ratio becomes progres- 
sively smaller in accordance with decrease in 
the grating period. 

19. A diffractive optical device according to claim 
16, wherein the plurality of grating elements 
have different heights in accordance with the 
grating period. 

20. A diffractive optical device according to claim 
19, wherein the height of the plurality of grat- 
ing elements becomes progressively smaller in 
accordance with decrease in the grating period 
in an area where the grating period is less than 
three to four times the wavelength of the light. 

21. A diffractive optical device according to claim 
16, wherein the grating elements are symmet- 
rically arranged with respect to the center 
thereof and are arcked in an identical direction, 
and the grating period becomes progressively 
smaller in the direction. 

22. A diffractive optical device according to claim 
16, wherein the plurality of grating elements 
are extended in straight lines in an identical 
direction, and the grating period changes in a 
direction which is perpendicular to the direc- 
tion in which the grating elements are ex- 
tended. 

23. A diffractive optical device according to claim 
16, wherein the grating section is covered with 
a thin film. 
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24. A diffractive optical device according to claim 
23, wherein the thin film is reflective. 

25. A diffractive optical device according to claim 

23, wherein the thin film is non-reflective. 5 

26. A diffractive optical device according to claim 
17, wherein the substrate includes a light guide 
region for propagating the light. 

10 

27. A diffractive optical device according to claim 
16, wherein a part of the plurality of grating 
elements each have at least three discrete 
phase levels. 

75 
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